We use cubic-phase plate imaging to demonstrate an order-of-magnitude improvement in the transverse resolution of three-dimensional objects reconstructed by extended depth-of-field tomography. Our algorithm compensates for the range shear of the cubic-phase approach and uses camera rotation to center the reconstructed volume on a target object point.
Inversion of the line integrals associated with extended depth-of-f ield (EDF) imaging has been used in the x-ray regime to reconstruct three-dimensional (3D) objects. 1 -3 Related ray-projection techniques have been used in the visible range to reconstruct radiant sources. 4 In Ref. 5 we used EDF pinhole imaging to reconstruct a 3D volume in the visible spectral range. The relatively poor transverse resolution of the pinhole camera is a shortcoming for this technique. The cubic-phase plate (CPP) EDF system 6 -9 measures similar line integrals while maintaining a relatively large system aperture. The larger aperture yields superior transverse resolution and light-gathering eff iciency. In this Letter we describe the use of a CPP EDF system to form 3D images.
Aperture modulation in CPP imaging yields a point spread function (PSF) that is relatively insensitive to defocus. Digital deconvolution of the PSF yields an image focused at all depths for which the range invariance holds. The transmittance of a CPP is t͑x, y͒ exp͓j a͑x 3 1 y 3 ͔͒.
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Assuming an unbounded aperture is the Airy Ai function, and g is the defocus parameter ͑1͞z 1 1͞z 0 2 1͞f ͒, the PSF for quasimonochromatic imaging between a source point at ͑x, y, z͒ and an image point at ͑x 0 , y 0 , z 0 ͒ can be shown to be
where Ai͑x͒ is the Airy Ai function 10 and f is the focal length. To form a range-independent deblurred image, we deconvolve the PSF from the detected image. The deblurred image is sheared with respect to range, but the shear can be removed in 3D imaging. In practice, the finite plate aperture limits the range independence of the PSF. The infinite aperture approximation assumes that the cubic phase varies more rapidly than the natural quadratic phase at the aperture edge. This criterion implies that g must be comparable with adl, where d is the system aperture.
We consider the CPP EDF camera imaging source volume in Fig. 1 . The camera acquires a series of images as it is translated laterally to the optical axis. The lateral position of the center of the camera principal plane is denotedx. Unlike in Ref. 5 , the camera axis rotates about a point in the source space during lateral displacement. The rotation centers the reconstructed range field on the pivot point. The nominal distance from the pivot point to the center of the camera aperture is z 0 . We form 3D images by capturing a series of distorted 2D images for various values ofx, digitally deconvolving each frame to obtain an in-focus EDF 2D image and transforming the series of EDF images to obtain a 3D source model.
Assuming that the pivot point satisf ies the imaging condition, z 0 z 0 f ͞z 0 2 f , and def ining Dz z 2 z 0 , the origin of the PSF in the ͑x 0 , y 0 ͒ plane for the source point at ͑x, y, z͒ is For a given value ofx the deconvolved image is approximated by
where P ͑x, y, z͒ is the source power density. Inverting Eq. (2) 
Fourier inversion of Eq. (3) yields the focused 3D source distribution evaluated at ∑
where ͑x p , y p , z p ͒ are the Fourier conjugate variables for ͑k j , k h , q͒. The range in ͑k j , k h , q͒ over which I ͑k j , k h , q͒ can be sampled defines the 3D bandpass, or band volume, for the imaging system. The 3D Fourier transform of the band volume is the system impulse response. Since the longitudinal Fourier sampling coordinate, q, is proportional to the transverse sampling coordinate, k j , there is a missing cone in the band volume.
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The longitudinal resolution for low-transverse-frequency objects is limited as a result of the missing cone.
We conf irmed our model for 3D imaging by experimentally measuring the impulse response. Our experimental system consisted of two 20-cm focal-length lenses (yielding a nearly 10-cm effective focal length) separated by a 1.2-cm-aperture CPP pupil with a 58.6 cm 23 . We placed the sources and the focal-plane array approximately 20-cm from the CPP to achieve nominal 1 : 1 imaging. The focal-plane array was a 512 by 512, 1.27-cm-square Princeton Instruments backilluminated 16-bit-resolution CCD camera. The camera and the imaging system were attached to metal rods and placed on a computer-controlled Newport rotation stage, which was attached to an Aerotech computer-controlled translation stage with 5-cm travel.
A 660-nm laser diode that operated as a LED served as the point source for building the digital deconvolution filter. We placed the source 20 cm from the cubic-phase mask and sensed the raw PSF at the focal plane. Because the cubic-phase transmittance is rectangularly separable, we sampled the PSF on the x and y axes and computed an inverse weighted Wiener filter of the sampled data to obtain separate vertical and horizontal deconvolution filters. We selected the filter weight to band limit the inverse filter to prevent noise from dominating the image. We used ϳ50% of the bandwidth of the system. The digitally deconvolved PSF occupied from 1.5 to 2 camera pixels, and the raw PSF covered approximately 15 pixels. The CCD camera's pixels were 22 mm square.
We acquired frames by translating the imaging system at fixed intervals. At each acquisition position we rotated the camera toward the source pivot point and integrated the intensity on the focal plane for 30 ms. The total length of travel of the translation stage was 4.5 cm, and the total rotation angle was ϳ13 ± . 256 images were taken over this path. The projections were sampled at 512 by 512 pixels and deconvolved. After deconvolution, we resampled the projections to compensate for the camera rotation and to compress the frame size to 256 by 256. The resampled images corresponded to projections displaced linearly in the tangents of the angles as measured from each projection origin. We combined the projections into a 3D model of the source by computing the 2D Fourier transform of each image, resampling the k j axis onto a Cartesian grid, and then taking the 3D Fourier transform. These operations were performed in O͑N 3 log N ͒ time. We tested our system by reconstructing the 660-nm point source at approximate distances of 15, 17, 20, and 25 cm from the principal plane of the imaging system. Figure 2 shows transverse slices through each of the reconstructed 3D PSF's. The axes correspond to projection angle. Each axis spans 52 mrad. The 15-cm image is significantly worse because the sharp increase in defocus as one approaches the principal plane causes the invariant raw PSF approximation to fail. Longitudinal slices through the reconstructed 3D PSF's are shown in Fig. 3 . The horizontal axis for our system. The pinhole size needed to achieve this depth of field at 660 nm is 800 mm. The transverse resolution for the pinhole system would be approximately one order of magnitude worse than the 80 100-mm resolution indicated for the cubic-phase system in Fig. 2 . Figure 4 demonstrates 3D reconstruction of a complex source. The source consisted of white-on-black text and images on small strips of paper. The papers were illuminated by two broadband f luorescent lamps to provide uniform illumination. The paper in the front had the letters ARL on it, the paper in the middle had a stick figure likeness of a man, and the paper in the rear had the letters UIUC on it. The exposed sections of the papers were approximately 0.3 by 0.4 cm in size. Figure 4 shows three cross sections of the source at various depths. The intensity of the source is shown in reverse, and the negative intensity artifacts that are due to the PSF have been filtered out. Although the reconstruction is fairly accurate on these planes, it should be noted that the PSF spreads the images over many planes, as can be seen because the stick figure man in the center plane appears weakly in the other two planes.
The cubic-phase plate extended depth-of-f ield system yields substantially better transverse resolution than a pinhole with comparable depth of field. Since the transverse resolution is coupled to longitudinal resolution through the q variable, increased transverse resolution translates directly into improved longitudinal resolution for a given scan range. Further investigation into the optimality of the cubic-phase modulation, the effect of noise in deconvolution, and deconvolution filter design is required for characterization and exploitation of this improvement in longitudinal resolution.
